The endocytosis of membrane receptors is a complex and tightly controlled process that is essential for maintaining cellular homoeostasis. The removal of receptors from the cell surface can be constitutive or ligand-induced, and occurs in a clathrin-dependent or -independent manner. The recruitment of receptors into specialized membrane domains, the formation of vesicles and the trafficking of receptors together with their ligands within endocytic compartments are regulated by reversible protein modifications, and multiple protein-protein and protein-lipid interactions. Recent reports describe a variety of multidomain molecules that facilitate receptor endocytosis and function as platforms for the assembly of protein complexes. These scaffold proteins typically act in a cargo-specific manner, recognizing one or more receptor types, or function at the level of endocytic cellular microcompartments by controlling the movement of cargo molecules and linking endocytic machineries to signalling pathways. In the present review we summarize present knowledge on endocytic scaffold molecules and discuss their functions.
INTRODUCTION
Endocytosis ensures the rapid clearance of transmembrane proteins from the cell surface and influences the extent of cell responses to stimuli. Ligand-stimulated receptor internalization appears to be controlled by multimeric protein complexes that function both in desensitization and in signalling by activated receptors. In recent years, a large number of adaptor molecules have been identified that are required for the efficient assembly of complexes necessary for the endocytosis of plasma membrane receptors. The features of classical cytoplasmic adaptor proteins include the presence of protein binding domains, sites for inducible post-translational modifications, and a lack of catalytic domains. In a broader sense, scaffold molecules are characterized by their ability to bind simultaneously to multiple proteins and form higher-order complexes. Work by many research groups has indicated that molecular scaffolds play critical roles in the regulation of receptor endocytosis by binding to numerous endocytic accessory and regulatory proteins. In such protein clusters, increased local concentrations of proteins enable otherwise lowefficiency interactions and transient binding in a simultaneous or sequential manner. Dynamic changes in protein and lipid composition at discrete membrane microregions were initially shown to couple the fate of the cargo with membrane invagination and internalization. Similar mechanisms direct receptors to specific domains at the plasma membrane and in endosomes, leading to the endosomal retention and degradation of receptors. Moreover, similar principles appear to govern other trafficking processes in cells, including biosynthetic, recycling and secretory pathways. Several mechanisms underlying these processes have been proposed, including specific post-translational modifications of trafficking cargoes, such as phosphorylation and mono-ubiquitination, as well as functions of endocytic scaffold molecules that act in a cargo-and compartment-specific manner.
In this review, we will introduce and discuss the concept of receptor-specific adaptor proteins that bind to the cytoplasmic part of a class or family of receptors and connect it to the components of the endocytic machinery at the plasma membrane and in endosomal compartments. In addition, we will describe a class of scaffold proteins that are compartment-specific and participate in the recognition and sorting of trafficking cargoes along functional microdomains in the endosome.
RECEPTOR ENDOCYTOSIS -COMMON PRINCIPLES
The removal of receptors from the cell surface can be either a constitutive (ligand-independent) or an induced (ligand-dependent) process. The best studied examples are the transferrin receptor and the EGFR (epidermal growth factor receptor) respectively. Endocytosis can be regarded as a general desensitization mechanism that allows the system to reset its sensitivity to repeated stimulation. It also has a marked impact on signalling specificity by changing the location and composition of signalling complexes that are assembled at the active receptor. Transferrin and LDL (low-density lipoprotein) receptors, whose primary function is the transport of nutritional molecules into the cell, are internalized via clathrin-coated pits in a ligand-independent manner and are rapidly recycled back to the cell surface. On the other hand, signalling receptors, such as the EGFR, require ligand binding before they can be concentrated in clathrin-coated pits and enter the cells [1, 2] . Unoccupied EGFRs also undergo constitutive endocytosis at the rate of 2-3 % per min [1, 2] , which corresponds to the random entrapment of receptors in endocytic structures.
Ligand-induced internalization is up to 10-fold faster, and appears to involve dynamic mechanisms that control distinct steps in receptor transport through the endosome.
The classical key components of clathrin-dependent endocytosis are clathrin, AP-2 (adaptor protein-2, the adaptor complex) and dynamin [3] [4] [5] . These proteins form part of the coat complex at a very early stage, and are recruited in various combinations in different receptor pathways. According to the current view, the recruitment of AP-2 to the plasma membrane is a complex process, which involves interactions with phospholipids, tyrosineor dileucine-based endocytic sorting motifs present in the cytoplasmic tails of receptors [6] , synaptotagmin, and accessory proteins such as Eps15 [7] . AP180/CALM (clathrin assembly protein lymphoid myeloid), epsins and HIP1/HIP1R (huntingtininteracting proteins) may function as cargo adaptors in addition to AP-2, as they bind simultaneously to receptors and to clathrin and phospholipids, and can promote clathrin assembly in vitro [8] [9] [10] . Other proteins that are more specific for a particular receptor cargo, e.g. β-arrestin, can also recruit receptors to clathrin lattices, although these proteins do not promote clathrin assembly and work in combination with AP-2 [11] . After the clathrin lattice is formed, endophilin, epsin and amphiphysin are involved in membrane invagination and clathrin rearrangements. The GTPase dynamin has been convincingly implicated at the fission stage [12] . According to one hypothesis, dynamin functions as a forcegenerating mechanochemical motor protein. Another hypothesis implies that dynamin acts as a regulator of the fission event, possibly by recruiting other effector proteins [13] . Both mechanisms may also work simultaneously. Observation of clathrin-coated pit dynamics using total internal reflection microscopy has indicated that, during fission, dynamin recruitment to coated pits is followed rapidly by the recruitment of actin [14] . Moreover, perturbation of actin in the lamprey giant synapse disrupts the endocytic reaction, with the accumulation of coated pits with wide necks [15] , suggesting a role for actin and dynamin-interacting accessory proteins in promoting constriction of the neck.
The basic endocytic machinery involves numerous accessory proteins that facilitate and modulate receptor internalization. However, it remains to be clarified how these proteins are coordinated to participate in sequential steps of the endocytic process in different cellular compartments. Another important and not yet understood topic deals with the specificity of transport of a particular receptor along the endosomal pathway. This pathway represents a major route for transporting receptors from the cell surface to different destinations in the cells. Endosomes are composed of a network of vesicular, tubular and lamellar structures that form morphologically distinct cellular compartments. Importantly, they are not only distinguished based on their shape, but also play different functional roles and are usually decorated by specific protein or lipid resident markers. Transmembrane receptors are removed from the cell membrane via clathrin-dependent and -independent pathways and are delivered to early endosomes. Early endosomes are characterized by a mildly acidic pH that favours dissociation of the ligand from the receptor. Molecules that are destined for recycling leave the early endosome, and either are translocated directly and very rapidly to the plasma membrane, or are initially sorted to the so-called endocytic recycling compartment and then returned back to the plasma membrane. The remaining receptors anchored in early endosomal vesicles are translocated together along microtubules to form a more acidic late endosomal compartment during the maturation process. Whereas early endosomes tend to be tubular and are located towards the cell periphery, late endosomes are more spherical and are often closer to the nucleus. In addition, a subset of late endosomes has a multivesicular appearance, and hence are called MVBs (multivesicular bodies). Late endosomes form a dynamic network together with lysosomal structures, which represents the end point of endocytosis and the site of protein degradation.
CARGO-SPECIFIC SCAFFOLD PROTEINS
Cargo-specific scaffold proteins can be defined as multifunctional proteins that are able to co-ordinate distinct steps in the internalization and sorting of selected types of cargos. While certain adaptors have been considered to be dedicated exclusively to the endocytosis of a particular receptor type, others have been shown to regulate the endocytosis of several kinds of cargo in a specific manner. They share a common mode of action via their ability to bind directly or indirectly to cargo and at the same time to interact with membrane lipids, coat components, endocytic accessory proteins and enzymes involved in the regulation of phospholipid metabolism. They are also commonly subject to dynamic posttranslational modifications, including phosphorylation and ubiquitination, that regulate their scaffolding functions. Thus cargospecific scaffolds act as major regulators of incoming signals that drive the endocytosis and sorting of cargoes along common pathways in the endosome. On the other hand, there is also a high degree of diversity among cargo-specific adaptors. This is exemplified by distinct means of recognizing cargoes either via direct binding to a receptor or by binding to receptor-associated proteins that are trafficking together with the receptor through the endosome. In addition, more evidence is emerging that a single adaptor, rather than being highly specific for a particular receptor type, can in fact regulate the endocytosis of several types of cargo. Moreover, cargo-specific adaptor proteins typically form families of structurally related proteins that are functionally redundant, such that the internalization of one class of receptors may employ several related adaptors (see below). Of note, the endocytic scaffolds often act at the nexus of trafficking and signalling, and in this way affects numerous cellular responses. Here we review several prototype cargo scaffolds, indicate their mode of action and discuss some recent evidence about their role in several receptor pathways.
β-Arrestin
β-Arrestins are clathrin adaptors that regulate the endocytosis of GPCRs (G-protein-coupled receptors) via clathrin-coated vesicles [16] . Arrestins were initially characterized as desensitizing agents that uncouple receptors from G-proteins. There are four known members of the arrestin family in mammals. Expression of the two visual arrestins is restricted to the retina, whereas β-arrestin 1 and 2 are expressed ubiquitously and are involved in the down-regulation of numerous GPCRs. Various aspects of arrestin function in the endocytosis and signalling of GPCRs has been discussed in earlier reviews [17, 18] , and here we focus on the specificity of action of β-arrestins in receptor-mediated endocytosis.
In response to receptor activation, β-arrestins are recruited to the plasma membrane and associate preferentially with activated and phosphorylated GPCRs. There are marked differences in the ability of arrestin isoforms to bind different GPCRs [19] . β-Arrestin 2 binds preferentially to class A GPCRs, such as the β 2 -adrenergic receptor, and dissociates from it before internalization. Class B GPCRs, such as the V 2 vasopressin receptor, bind to β-arrestins 1 and 2 in a more prolonged fashion. While persistent association of β-arrestins targets receptors for lysosomal degradation, dissociation of β-arrestins from GPCRs favours receptor dephosphorylation and recycling back to the plasma membrane [20] .
β-Arrestins, with exception of the visual arrestins, interact simultaneously with clathrin and with the β2 subunit of AP-2 through their C-terminus. It has been shown that the latter association is required for the efficient targeting of β-arrestins to the membrane [21] . Unlike other AP-2-binding adaptors, such as the epsins, arrestins do not induce clathrin polymerization, but target cargo to pre-existing clathrin-coated pits. In addition, β-arrestins bind the phosphoinositide InsP 6 , which mediates the recruitment of β-arrestin to phosphoinositide-rich plasma membrane microdomains, causing their concentration in clathrincoated pits [22] . β-Arrestins also interact with a number of signalling molecules, including the kinases Src, JNK3 (c-Jun N-terminal kinase 3), ASK1 (apoptosis signal-regulating kinase 1), ERK1/2 (extracellular-signal-regulated kinase 1/2) and Raf, possibly recruiting these molecules to the activated GPCRs. Additionally, they associate with NSF (N-ethylmaleimide-sensitive fusion protein), an ATPase whose catalytic activity seems to promote the internalization of GPCRs [23] , as well as with the GDPbound form of ARF6 (ADP-ribosylation factor 6) and with ARNO (ARF nucleotide-binding-site opener), thus promoting receptor endocytosis [24, 25] .
Upon ligand stimulation, β-arrestins are rapidly and transiently ubiquitinated by Mdm2 E3 ligase. Usually β-arrestins associate transiently with receptors, but if the molecule is fused with ubiquitin it remains associated with the GPCR in the endosomes. Expression of such a chimaera increases the rate of receptor internalization, suggesting that the ubiquitination of arrestins affects receptor trafficking [26] . Interestingly, while ubiquitination of β-arrestins is critical for the internalization of GPCRs, ubiquitination of the receptor itself is required for its degradation [26] . In addition to ubiquitination, the phosphorylation of β-arrestins also regulates the clathrin-mediated internalization of β 2 -adrenergic receptors, as the ligand-induced phosphorylation at Ser-412 controls the binding of β-arrestin 1 to clathrin [27] .
The binding site for β-arrestins is located either at the C-terminus of the GPCR (as in the case of the β 2 -adrenergic receptor) [28] or within the third cytoplasmic loop (as for the D 1 dopamine receptor) [29] . Arrestins can also be recruited indirectly to GPCR complexes and mediate the internalization of heterologous receptor types. For example, Fz4 is a seven-transmembrane receptor that, upon activation by glycoproteins of the Wnt family, binds to Dvl2 (dishevelled), which initiates a signal transduction cascade that is involved in regulation of developmental processes [30, 31] . It is phosphorylated Dvl2 that recruits β-arrestin 2 to the receptor complex, which is a critical step required for the endocytosis of Fz4 [32] .
The specificity of β-arrestins for GPCRs is not absolute, since β-arrestin 2 is involved in the endocytosis of other types of membrane receptors, such as type II and type III transforming growth factor-β receptors, leading to the down-regulation of signalling [33] . The association is mediated by Thr-841 in the type III receptor that is phosphorylated by the type II receptor. It has also been shown that β-arrestins bind to the ligand-occupied insulin-like growth factor receptor, promoting its endocytosis, and enhancing ligand-dependent mitogen-activated protein kinase phosphorylation and DNA synthesis [34] . Finally, β-arrestin 2 associates with and enhances internalization of the LDL receptor [35] .
Dab2 (Disabled-2), ARH (autosomal recessive hypercholesterolaemia) and Numb
Dab2 has been characterized as a specific adaptor protein that orchestrates the internalization of lipoprotein receptors. Dab2 contains an N-terminal PTB (phosphotyrosine-binding) domain that binds preferentially to non-phosphorylated NPXY (Asn-ProXaa-Tyr) motifs. These sequences are found in the LDL receptor family that is represented by the LDL receptor, ApoER2 (apolipoprotein E receptor 2) and gp330/gp600 megalin, as well as amyloid precursor protein [36] . The same domain associates with PtdIns(4,5)P 2 [37] . In addition, Dab2 contains two types of motifs commonly found in endocytic proteins, namely two DPF (AspPro-Phe) motifs and five NPF (Asn-Pro-Phe) motifs. DPF/W modules are found in Eps15, epsin, amphiphysin, auxillin and AP180, and mediate binding to the α-adaptin ear domain of AP-2. NPF triplets, also present in epsin, intersectin, Numb, Rab, Pan1 and stonin 2, interact with the EH (Eps15 homology) domain of Eps15, intersectin, POB-1 and EHD1 [38] . Due to its ability to bind to specific internalization motifs in AP-2 as well as in EH domains, Dab2 links LDL receptors to the endocytic machinery and downstream signalling pathways.
Most reports describing the function of Dab proteins have been based on attempts to increase or decrease its expression level. Overexpression of Dab2 resulted in the redistribution of AP-2 into clusters that did not contain clathrin [36] , while overexpression of the PTB domain of Dab2 specifically blocked LDL receptor uptake [37] . A conditional knockout of Dab2 in kidney proximal tubule cells resulted in a decreased number of apical coated pits and vesicles and the excretion of certain plasma proteins, transport of which is megalin-dependent [39] . In Caenorhabditis elegans, the corresponding protein Ce-DAB-1 is required for the efficient secretion of fibroblast growth factor, mediated by the lipoprotein receptor-related proteins [40] .
Similarly to Dab2, ARH binds to the LDL receptor, clathrin and AP-2 [41] . It has been suggested that ARH and Dab2 act sequentially in endocytic cargo protein selection. Initially at the plasma membrane, ARH sequesters receptors at the rim of coated pits due to association with the β-appendage domain of AP-2. Binding of clathrin to AP-2 results in dissociation of ARH from the complex, and in this way cargo can be transferred on to Dab2, which is associated with the α-appendage of AP-2 [42] . A different model has been suggested for the co-operation of ARH and Dab2 in mediating endocytosis of the multi-ligand receptor megalin. This receptor has two FXNPXY motifs, and ARH interacts preferentially with the first [43] , while Dab2 associates with the second [44] . Current data agree with a model whereby Dab2 associates initially with megalin in clathin-coated pits and then passes it on to ARH, which escorts the receptor all the way through early endosome and recycling endosome compartments [43] . The co-operation among these adaptors is supported by the observation that the importance of ARH for the efficient uptake of LDL varies between cell types. Patients with an autosomal recessive form of hypercholesterolaemia who bear mutations in the ARH gene display impaired degradation of LDL in hepatocytes and lymphocytes, but not in fibroblasts [45] . Some data suggest that Dab2 [43] or β-arrestin 2 [35] can compensate for the lack of ARH in fibroblasts.
Numb, the third PTB-domain-containing adaptor, induces the endocytosis and down-regulation of the transmembrane receptor Notch. The PTB domain of Numb interacts with the cytoplasmic domain of Notch, and associates with PON (partner of Numb), NAK (Numb-associated kinase), and LNX (ligand of Numb protein X). Numb interacts with the AP-2 complex via the DPF motif, and with Eps15 via the NPF motif. Numb and Eps15 are found in separate clathrin-coated pits, where both proteins associate with AP-2, while in endosomes Numb and Eps15 bind simultaneously and co-localize [46] . Notably, Numb is negatively regulated by the Ser/Thr kinase NAK [47] and the ubiquitin ligase LNX [48] . The adaptor protein PON directs the asymmetrical distribution of Numb in dividing neuroblasts [49] . The asymmetrical localization of Numb is also regulated by its association with the CIN85 is an example of a multimeric adaptor that is involved in cargo internalizaton and sorting. Through its multiple domains, CIN85 associates with a number of proteins, which are divided here into functional groups. CIN85 oligomerizes and simultaneously binds various molecules, changing its conformation and binding partners upon cell stimulation, thus co-ordinating the trafficking of several cargo proteins. Abbreviations: STAP, stem-cell-specific adaptor protein containing pleckstrin homology and SH2 domains; BLNK, B cell linker protein; SHIP-1, SH2-containing inositol phosphatase-1; GEF, guanine nucleotide exchange factor; ASAP1, Arf-GTPase-activating protein 1; ARAP3, Arf GAP and Rho GAP with ankyrin repeat and pleckstrin homology domains protein 3; PDGFR, platelet-derived growth factor receptor; HGFR, hepatocyte growth factor receptor; PI3K, phosphoinositide 3-kinase; PAK, p21-activated kinase; SFK, Src family kinase; CC, coiled-coil.
transmembrane protein NIP (Numb-interacting protein), which recruits Numb from the cytosol to the plasma membrane [50] . An asymmetrical distribution of Numb during cell division results in the polarized distribution of α-adaptin and thereby differentially regulates endocytosis in daughter cells [51] . This mechanism is involved in the development of the nervous system and muscles in Drosophila, where asymmetrical partitioning of Numb at mitosis defines Notch activity in daughter cells originating from sensory precursor cells, thus determining cell fate in several lineages [52] .
CIN85 (Cbl-interacting protein of 85 kDa) and CD2AP (CD2-associated protein) as clustering scaffolds
The family of CIN85 and CD2AP/CMS [Cas ligand with multiple SH3 (Src homology 3) domains] adaptor proteins has attracted considerable interest due to recent findings that they act as scaffold molecules in the internalization and endocytic sorting of several RTKs (receptor tyrosine kinases) [53] . The down-regulation of RTKs is governed largely by the Cbl family of ubiquitin ligases, which mediates the ligand-dependent ubiquitination of RTKs and also recruits CIN85/CD2AP proteins in complexes with activated RTKs. Involvement of a Cbl-CIN85 or Cbl-CD2AP complex is vital for the internalization of EGFR [54] , c-Met [55] , the platelet-derived growth factor receptor, c-Kit [56] and Flt-1 [57] . Importantly, CIN85 appears to be critical for clustering of Cbl in these complexes, and additionally regulates the recruitment of endocytic accessory proteins such as endophilins, and may provide the link to the clathrin coat as well as to reorganization of the actin cytoskeleton. Similarly, Cbl associates with CD2AP that also links the receptor complex with endophilin, and additionally recruits cortactin, thus associating receptor endocytosis with Arp2/3 complex-mediated actin polymerization [58] .
The scaffolding properties of CIN85 and CD2AP are clearly suggested by the multidomain composition of these ubiquitious adaptors, which are composed of three SH3 domains, polyproline motifs and a coiled-coil domain [59] . A number of independent groups identified these adaptors based on their binding to various partners. CD2AP has been independently characterized as a partner of CD2 [60] and p130Cas [61] . The adaptor CIN85 [62] is also known as Ruk (regulator of ubiquitous kinase) [63] and SETA (SH3 domain-containing gene expressed in tumorigenic astrocytes) [64] . CIN85 has been shown to associate with a number of signalling and adaptor proteins, including phosphoinositide 3-kinase, Src and Grb2 [59] , the actin-capping protein CAPZ [65] , endophilin [55] and Rab4 [66] , which link this adaptor with the actin cytoskeleton, clathrin-coated pits and the early endosome compartment respectively (Figure 1) . The coiled-coil is required for the localization of CIN85 to the plasma membrane [65] , and mediates the homo-and hetero-typic oligomerization of CIN85 and CD2AP [67] .
The three SH3 domains of CIN85 and CD2AP are particularly important for their scaffolding functions in receptor endocytosis. They bind to an atypical proline-arginine (PXXXPR) motif present in Cbl, Cbl-b, synaptojanin 2B1, SHIP-1 (SH2-containing inositol phosphatase-1), Hip1R, p115RhoGEF (guanine nucleotide-exchange factor) and the Arf GTPase-activating proteins ASAP1 [Arf-GAP (GTPase-activating protein) 1] and ARAP3 (Arf GAP and Rho GAP with ankyrin repeat and pleckstrin homology domains protein 3) [68] (Figure 1) . Importantly, the relatively low affinity of individual CIN85 SH3 domain-PXXXPR interactions [69] allows the rapid exchange of CIN85 binding partners, depending on their local concentration, cellular compartmentalization and/or post-translational modifications, in response to changes in the environment. Consistent with this hypothesis, CIN85 was shown to form high-molecular-mass c 2004 Biochemical Society complexes in native lysates of cells that could be dynamically exchanged following ligand stimulation [68] . These various complexes that assemble around CIN85 SH3 domains can differently influence the fate of internalized receptors. For example, Dab2 associates with the SH3 domains of CIN85 and links it to clathrin complexes [70] . Ligand stimulation of the EGFR leads to dissociation of the Dab2-CIN85 interaction and recruitment of CIN85 to the Cbl receptor complex [70] . All of this evidence suggests that CIN85 may serve as a platform that interacts simultaneously with multiple endocytic effectors and rapidly exchanges them along the endocytic pathway.
Recent studies on transgenic mice deficient in CD2AP revealed additional functions of CD2AP in the regulation of receptor endocytosis in T cells [71] , where CD2AP is likely to facilitate TCR (T-cell receptor) patterning in the contact area by linking specific adhesion receptors to the cytoskeleton [60] . Since CD2 is associated with the TCR, clustering of CD2 can recruit TCR to the contact surface. Concentrating antigen, receptors and kinases in the stable central cluster of TCR enhances signalling and simultaneously induces receptor degradation. T cells deficient in CD2AP do not form this immunological synapse and show sustained tyrosine phosphorylation as well as enhanced proliferation [71] . This corresponds with reduced down-regulation of TCR, which normally occurs after T cell activation. CD2AP seems to participate in regulating the delivery of TCR to lysosomes for degradation, rather than removal of receptors from the plasma membrane [71] . Notably, Cbl and Cbl-b proteins, known to bind to CD2AP and CIN85, are also associated with TCR complexes and are essential for their targeting for degradation. This effect is observed only in Cbl/Cbl-b double knockout cells, whereas T cells lacking Cbl or Cbl-b did not show significant defects in the targeting of TCR for degradation [72] .
COMPARTMENT-SELECTIVE SCAFFOLDS
Based on recent reports, the traditional view of the endocytic system being divided into distinct early, late and recycling endosomes seems to be giving way to the recognition of a set of functional membrane subdomains, or endocytic microcompartments, that are critical for the transport of cargoes [73] . These membrane regions exist in each endocytic compartment and are characterized by defined biophysical properties. At the critical points of transition between these distinct functional regions, several regulatory protein and lipids are specifically distributed. For example, functional regions of the early endosome contain membrane domains enriched in clathrin, Rab5 GTPases, raft components and annexin II, which are all important for the transport of cargo through this compartment. Usually, the recruitment of lipid kinases or phosphatases induces local lipid enrichment and leads to the exchange of lipid-binding proteins. It is thought that the presence of compartment-specific scaffolds might be essential for the coordination of these multiple effector-membrane interactions and preservation of the functional integrity of particular compartments. Based on this local assembly of multifunctional complexes, cargo sorting is also coupled functionally to the process of membrane invagination and biogenesis of endosomes [74] .
Scaffolds in plasma membrane microcompartments
Several groups of molecular scaffolds have been implicated in the initial steps of endocytosis, forming distinct plasma membrane microcompartments. These include proteins involved in nucleation of the clathrin coat and in linking it to lipid membranes, proteins involved in bending of the lipid bilayer and recruiting molecules involved in fission, and large protein complexes that couple cargo recognition and vesicle tethering.
Scaffolds with a BAR (Bin/amphiphysin/Rvs) domain
Certain endocytic adaptors are able to sense and alter membrane curvature by modifying the lipid content or by deforming the membrane mechanically via their BAR domains [75] . The BAR domain has a coiled-coil structure that binds preferentially to negatively charged membranes [76] . This curvature-sensing and -inducing module is present in diverse groups of endocytic proteins, including amphiphysins, endophilins, nadrins, the Rab5 effectors APPL 1 and 2, sorting nexins, arfaptins, centaurins and oligophrenins [77] .
The endophilins participates in invagination, scission and vesicle recycling, representing a good example of a scaffold protein that orchestrates multiple activities at the nexus of signalling and internalization (Figure 2A) . The SH3 domain at the C-terminal end of endophilin associates with synaptojanin, intersectin, dynamin and amphiphysin [78, 79] . The coiled-coil BAR domain at the N-terminus is required for dimerization and membrane tubulation. Stimulation by EGF induces the association of endophilin with neural Wiskott-Aldrich syndrome protein, enhancing the activity of the Arp2/3 protein complex and leading to the accumulation of actin at the internalization sites, thus contributing to the fission of clathrin-coated vesicles [80] . In addition to coordinating cargo, membrane shape and cytoskeleton, endophilin may also participate in ubiquitin-dependent sorting, as it is monoubiquitinated upon ligand stimulation [81] .
The amphiphysins are another group of BAR domain proteins, which link the clathrin coat components to the membrane [82] [83] [84] ( Figure 2B ). Amphiphysins 1 and 2 are composed of three main binding regions. The N-terminal region forms the BAR domain that is involved in dimerization [76] . The central region binds the heavy chain of clathrin and the α subunit of AP-2 via distinct sites. In addition, it contains a proline-rich region, which binds efficiently to the SH3 domain of amphiphysin itself [83] . The C-terminal region comprises an SH3 domain, which interacts with dynamin and synaptojanin [4] . The interactions of this SH3 domain and those of the central region are both regulated by phosphorylation [85] . Experimental manipulations of living cells that disrupt the interactions of amphiphysin with either dynamin or clathrin and AP-2 lead to potent inhibition of clathrin-mediated endocytosis [85] [86] [87] .
Scaffolds with an ENTH (epsin N-terminal homology) domain
Initially described as phospholipid-binding domains, ENTH domains are present in a variety of proteins involved in the formation of clathrin-coated pits and vesicles [88] [89] [90] [91] . The interaction of the ENTH domain with the head of PtdIns(4,5)P 2 results in the formation of an amphipathic helix, which may account for bilayer penetration and bending [9] . The related ANTH (AP180 N-terminal homology) domain lacks this ability, and instead regulates lattice size [9] . In a model mechanism, AP180 and AP-2 induce polymerization of the clathrin lattice at the plasma membrane, while epsins facilitate its invagination [9, 91] . Epsins 1-3 were initially identified based on their ability to bind to the EH domains of Eps15 ('epsin' is derived from Eps15-interacting protein) [92] . In addition to the ENTH domain, epsin contains two ubiquitin-interacting motifs, a DPW (Asp-Pro-Trp) domain that binds to the α subunit of AP-2, a clathrin box, and three NPF motifs that bind Eps15. It promotes the assembly of clathrin in vitro and, although it is not a constitutive compound of clathrin-coated pits, it participates in dynamic rearrangements during the assembly, invagination and scission of clathrin-coated vesicles [92] ( Figure 2C ). The affinity of epsin for the α-appendage of AP-2 is greater than that of AP180 [93] and, similarly to Eps15, dephosphorylation of epsin enhances its association with AP-2 [94] . In addition, the ubiquitin-interacting motif of epsin is considered to play an important role in recognizing the ubiquitinated cargo and triggering internalization events [95] .
Characteristically, the location of action of these scaffolds seems to be dependent on their specificity of binding to membrane lipids. The ENTH domain of epsin associates preferentially with PtdIns(4,5)P 2 enriched at the plasma membrane, whereas the ENTH domain of the related protein enthoprotin shows a preference for PtdIns4P enriched in the trans-Golgi network [91] . Interestingly, enthoprotin, as well as the yeast proteins Ent3p and Ent5p, associate with the GGA family and AP-1 complex [96] . The ENTH domains of these proteins bind the SNARE (soluble NSF attachment protein receptor) Vti1b and are required for transport from the trans-Golgi network to late endosomes [97] . Ent5p localizes to endosomes and binds specifically to PtdIns(3,5)P 2 via its ENTH domain. Ent3p and Ent5p are associated with Vps27p, the yeast homologue of Hrs (hepatocyte growth factor-regulated tyrosine kinase substrate), and deletion of both Ent3p and Ent5p disrupts the ubiquitin-dependent sorting of biosynthetic and endocytic cargo into MVBs [98] .
Scaffold proteins linked with Rab-decorated compartments
The classical case of functionally distinct microdomains is defined by the presence of specific Rab GTPases and their effectors. Based on the work of Zerial and colleagues [99, 100] , the concept of spatially restricted and functionally specialized regions defined by the presence of particular Rab proteins and their effectors has become a prototype for endocytic microcompartments. The family of Rab GTPases, as well as their regulators and adaptors, has been reviewed in detail elsewhere [99, 101] . In a highly organized and sequential manner, they form oligomeric complexes involving several adaptor proteins that co-ordinate membrane fusion and budding, vesicle tethering, and the microtubule-and actin-dependent motility of vesicles. The activity of Rab proteins depends on the rate of nucleotide exchange and hydrolysis, and is regulated by positive feedback loops generated by Rab effectors. For example, Rab5 co-ordinates membrane traffic from the plasma membrane to early endosomes. Expression of the constitutively active, GTPbound mutant Q79L-Rab5 stimulates endosome fusion and the enlargement of early endosome compartments ( Figure 2D ). This results in increased internalization of the transferrin receptor. Expression of the S34N mutant that preferentially binds GDP has the opposite effect [102] . Importantly, ligand-induced endocytosis seems to require specific adaptor proteins that modulate the function of Rab proteins and link them to various neighbouring compartments. Rabenosyn-5 contains a FYVE (Fab1p, YOTB, Vac1p and EEA1) finger binding PtdIns(3)P and five copies of the NPF tripeptide that can associate with EH-domain proteins. Rabaptin-5 and rabaptin-5b have oligomerizing coiled-coil domains and a DPF motif that interacts with the AP-2 complex. Co-operation and an ability to self-organize results in the formation of highmolecular-mass complexes at the membrane of early endosomes, including the Rab nucleotide exchange factor Rabex-5 as well as the tethering molecule EEA1 (early endosome antigen 1). Localization of EEA1 to Rab5 domains is dependent on an association with phospholipids via the FYVE domain and on direct binding to Rab5, resulting in NSF/SNARE-mediated early endosome docking and fusion. The lipid-modifying enzyme VPS34 is targeted to Rab5 domains on early endosomes and produces PtdIns3P, which in turn recruits FYVE-domain-containing proteins. One of these is PIKfyve, which converts PtdIns3P into PtdIns(3,5)P 2 in the late endosome [103] . In addition, the trafficking of the EGFR is regulated specifically via Rin1, an exchange factor for Rab5 [104, 105] , and Eps8, which is a partner of the Rab5 GTPaseactivating protein RN-tre [106] .
Through the action of the rabenosyn-5, rabaptin-5 and rabaptin-5β adaptors, Rab5 is connected to Rab4 domains that are involved in the rapid recycling of cargo to the plasma membrane. Similar adaptors are predicted to link Rab4 and Rab11 in recycling endosomes, and probably constitute a common pattern of interactions that ensure sequential membrane traffic between interchanging Rab complexes.
Scaffold proteins controlling traffic of ubiquitinated cargo
In recent years, the modification of cargo and endocytic proteins by a single ubiquitin molecule has become a well recognized mechanism responsible for differential sorting at both the internalization and MVB formation steps. Internalization of a number of RTKs, GPCRs and immune receptors, as well as membrane transporters and channels, is mediated by conjugated ubiquitin that functions as a signal for cargo recruitment [107] . While monoubiquitination of the EGFR appears to be sufficient to trigger internalization, it does not appear to be essential, due to the presence of several redundant pathways [108] . Notably, the classical clathrin adaptor AP-2, which was thought to be the main adaptor that regulates the selection and recruitment of activated receptors into clathrin-coated pits, is not required for the internalization of ubiquitinated receptors [109] [110] [111] . Instead, epsin and Eps15 are accepted candidates for ubiquitin-specific scaffolds at the level of clathrin-coated vesicles. These pathways may substitute for each other under physiological conditions, and can also be involved in the regulation of multiple entry routes into the cell. On the other hand, modification by a single or multiple ubiquitin moieties is a common feature required for sorting of the majority of cargo into MVBs, being the crucial step for their degradation in lysosomes. It is currently believed that recognition of mono-ubiquitin by a set of ubiquitin receptors [proteins containing one or more ubiquitinbinding domain, i.e. UBA (ubiquitin-associated) domain, ubiquitin-interacting motif, CUE (coupling of ubiquitin conjugation to endoplasmic reticulum degradation) domain] present in the microdomains of endosomal membranes allows transfer of cargo from one compartment to another. In addition, numerous endocytic proteins involved in cargo transport are themselves subject to mono-ubiquitination, a process that is dependent on the presence of their ubiquitin-binding domains. Obviously, ubiquitination regulates the endocytic function of molecular scaffolds. According to one hypothesis, the ubiquitin-interacting motif may associate with ubiquitin appended on the same molecule (cisinteractions), which induces a structural change of the adaptor and the release of ubiquitinated cargo. In general, ubiquitin-binding domains have rather low affinity for mono-ubiquitin, thus ensuring readily reversible interactions, which therefore require associated protein complexes that will affect the avidity and duration of their interactions. In accordance with this, multifunctional scaffold proteins have been identified, which may regulate ubiquitindependent transport in a sequential and highly organized manner that is conserved from yeast to mammals (Figure 3) .
Most of our current understanding of these multiprotein complexes has been revealed by genetic studies of the Vps class E proteins that are involved in MVB biogenesis and protein sorting in yeast. There are around 20 known class E mutants in yeast, which can be divided into three subgroups called ESCRTs (endosomal sorting complexes required for transport). ESCRT-I is recruited to the membrane of early endosomes by the ubiquitinand clathrin-binding protein Vps27p. Vps23p in ESCRT-I and Vps36p in ESCRT-II contain ubiquitin-binding motifs and may interact directly with ubiquitinated cargo. The sequential actions of ESCRT-I, -II and -III result in inward budding and sorting of cargo to the inner vesicles of endosomes [112] [113] [114] .
Hrs
Hrs is a mammalian homologue of the yeast vacuolar sorting protein Vps27p. It is localized in endosomes, where it recognizes ubiquitinated cargo, sequesters it to the clathrin-coated microdomains, and recruits the ESCRTs [115] . Hrs has a phospholipidbinding FYVE domain and is therefore concentrated in clathrincoated regions of endosomal membranes that contain low levels of PtdIns3P. This is in contrast with other FYVE domain-containing proteins, such as EEA1, SARA (Smad anchor for receptor activation) and CISK (cytokine-independent survival kinase), which co-localize in domains rich in PtdIns3P and Rab5 [116] . Hrs is a part of a large 550 kDa complex [117] and binds to the adaptor molecules STAM (signal-transducing adaptor molecule), STAM2 and Smad2, SNAP-25 (25 kDa synaptosome-associated protein) and Eps15 [118] . The VHS (Vsp27p, Hrs, STAM) domain of Hrs is structurally similar to E/ANTH domains and determines its membrane localization. In the early endosome, a clathrinassociated complex containing Hrs, STAM2 and Eps15 binds ubiquitinated cargo, promoting its retention in the endocytic compartments, and prevents recycling [119] . All three proteins seem to participate in a multivalent complex that sorts ubiquitinated membrane proteins into the MVB pathway. In addition, Hrs contains the tetrapeptide motif PSAP (Pro-Ser-Ala-Pro), similar to the PTAP motif present in Tsg101 and the HIV Gag protein, which mediates association with the UEV (ubiquitin-conjugating enzyme E2 variant) domain of Tsg101 [120] .
In Vps27-deficient yeast cells, proteins normally transported to the vacuole, such as the α-factor Ste3p, accumulate in prevacuolar endosomal compartments [121] . In mammalian cells, both deletion and overexpression of Hrs lead to enlargement of the early endosome compartment [119, 122] . With respect to constitutive endocytosis, some reports found that overexpression of Hrs inhibited the internalization of transferrin [122] , while the others stated that, under conditions when Hrs overexpression blocked the trafficking of receptor-bound (EGF) and fluid phase marker (dextran), transferrin uptake and recycling was not affected [123] . Stimulation by EGF, hepatocyte growth factor or platelet-derived growth factor, as well as interleukin-2 or granulocyte/macrophage colony-stimulating factor, induced phosphorylation of Hrs [124, 125] and its partner STAM [126] . This leads to dissociation of Hrs from endosomes, and is prevented under conditions that inhibit endocytosis [127] . Depletion of Hrs by small interfering RNA impairs the degradation of internalized EGFR and inhibits MVB biogenesis, resulting in a decreased number of internal vesicles [119] . In accordance with its importance for maintaining functional endocytic processing, Hrs −/− mouse embryos die at day 11 [128] .
Alix [ALG-2 (apoptosis-linked gene 2)-interacting protein X]
Alix, also known as AIP1 (ALG-2-interacting protein 1), is a 95 kDa protein with a coiled-coil motif and a proline-rich region. It interacts with Tsg101 (a component of ESCRT-I) and several CHMP4 (charged MVB protein; component of ESCRT-III) [129, 130] , thus linking these two protein complexes [131] and co-ordinating late steps of MVB sorting. Subsequent recruitment of the ATPase Vps4 induces dissociation of Alix and the sorting complexes from endosome membranes [114] . The polyproline motifs of Alix bind to CIN85 [132] and endophilin [133] , further suggesting an involvement of this protein in endocytosis processes. The yeast orthologue Bro1/Vps31p is required for the ubiquitin-dependent vacuolar sorting of Gap1 amino acid permease, and a deficiency of Bro1 results in recycling and de-ubiquitination of Gap1 [134] . Bro1 is also required for endosomal sorting of the uracil permease Fur4, the maltose permease Mal61, the hexose permease Hxt6/7 [135] , Ste2 and carboxypeptidase S [136] . In addition, data obtained with yeast, fungal and mammalian homologues of Alix suggest a role in the recruitment of cargo possessing the YPXL/I motif to the late steps of endocytosis. Intriguingly, this motif is present in the p9 Gag protein of the equine infectious anaemia virus and in p6 Gag of HIV-1, both of which require Alix for efficient budding through endosomal and plasma membranes [129, 131] . Apparently, the process of budding of enveloped viruses resembles the vesicle budding inside MVBs and recruits the same cellular compounds [131] . The late stages of retroviral budding are ubiquitin-dependent and can be blocked by the use of proteasome inhibitors [137, 138] , with the retroviral Gag proteins mimicking the endocytic adaptor Hrs [120, 139] .
In addition, Alix was recently shown to bind to LBPA (lysobiphosphatidic acid), a resident phospholipid of internal vesicles of the late endosome, thus being localized in subdomains of internal membranes of the MVBs [140] . LBPA is a fusogenic lipid that has an intrinsic ability to induce the formation of vesicles within acidic liposomes. Interestingly, the addition of a recombinant Alix to LBPA-containing liposomes leads to inhibition of MVB formation, whereas its depletion by specific antibodies stimulates MVB formation [140] . In vivo, down-regulation of Alix by small interfering RNA decreases the number of acidic late endosomal compartments and reduces the level of LBPA [140] . Thus Alix may regulate endosome biogenesis and receptor sorting in the late endosome via its interactions with sorting complexes and LBPA.
FINAL COMMENTS AND PERSPECTIVES
In the past few years we have seen great progress in understanding the complexity of interactions at the membrane-cytosol interface. Studies in yeast, Drosophila and mammalian cells have revealed common themes underlying membrane traffic in the cell. The specificity of cargo transport is co-ordinated by a class of multifunctional scaffold proteins that act in a cargo-or compartmentselective manner. Owing to numerous interactions and often overlapping mechanisms of action, classification of endocytic adaptors is currently far from being complete. In this review we have tried to emphasize the interconnection and importance of scaffold protein functions in the trafficking and signalling of various receptors. Dissecting the cross-linked pathways by studying the role of a particular adaptor must be placed in the global context of the endocytic machinery that co-ordinates cargo sorting, membrane fission, lipid metabolism, signalling pathways and local modification of the cytoskeleton. Detailed mechanistic analysis of the roles of scaffold networks on the molecular level, particularly under physiological and pathological conditions, remains a challenge for future research.
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